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FGF19 as a Postprandial,
Insulin-Independent Activator of Hepatic
Protein and Glycogen Synthesis

Serkan Kir,* Sara A. Beddow,? Varman T. Samuel,? Paul Miller,?* Stephen F. Previs,**
Kelly Suino-Powell,* H. Eric Xu,* Gerald I. Shulman,?® Steven A. Kliewer,*t David ]. Mangelsdorf*"+

Fibroblast growth factor (FGF) 19 is an enterokine synthesized and released when bile acids are taken
up into the ileum. We show that FGF19 stimulates hepatic protein and glycogen synthesis but does not
induce lipogenesis. The effects of FGF19 are independent of the activity of either insulin or the protein
kinase Akt and, instead, are mediated through a mitogen-activated protein kinase signaling pathway
that activates components of the protein translation machinery and stimulates glycogen synthase
activity. Mice lacking FGF15 (the mouse FGF19 ortholog) fail to properly maintain blood concentrations
of glucose and normal postprandial amounts of liver glycogen. FGF19 treatment restored the loss of
glycogen in diabetic animals lacking insulin. Thus, FGF19 activates a physiologically important,
insulin-independent endocrine pathway that regulates hepatic protein and glycogen metabolism.

called FGF15 in rodents) is a member of a

subfamily of fibroblast growth factors that
govern nutrient metabolism (/). FGF19 is expressed
in the distal small intestine, where its synthesis is
regulated by the nuclear bile acid receptor, FXR,
after the postprandial uptake of bile acids (2, 3).
Thus, in response to feeding, the concentration of
circulating FGF19 increases (4). FGF19 binds to a
receptor complex composed of the FGF receptor 4
(FGFR4) and a coreceptor called B-Klotho, which
are both highly expressed in liver. Binding of
FGF19 to the FGFR4—3-Klotho complex results in
activation of the small guanosine triphosphatase

Fibroblast growth factor 19 (FGF19, also
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Fig. 1. Stimulation by FGF19 of
signaling pathways that regulate

protein synthesis in liver. (A to C)
Mice fasted overnight were injected

Ras and extracellular signal-regulated protein
kinase (ERK) signaling pathway (3, 6).

FGF19 plays an important role in hepatic bile
acid homeostasis by inhibiting expression of
CYP7AL, the first and rate-limiting enzyme in the
major bile acid synthesis pathway (2, 3). FGF19
also promotes relaxation and refilling of the gall-
bladder after a meal (7). In addition to its roles in bile
acid metabolism, FGF19 lowers serum glucose and
triglycerides in diabetic mice through an unclear
mechanism (8).

To elucidate whether FGF19 may have other
effects on metabolism, we investigated FGF19-
induced signaling in liver in normoglycemic wild-
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type animals (9). Because recombinant mouse
FGF1S5 is unstable and has variable bioactivity, we
used human FGF19 for these studies. FGF19 in-
creased the phosphorylation of liver ERK1 and
ERK2 of mice fasted ovemight (Fig. 1A and fig.
S1). In contrast, insulin, but not FGF19, induced
phosphorylation of the protein kinase Akt (fig. S1),
which demonstrated that FGF19 and insulin likely
work through independent kinase signaling path-
ways. However, both FGF19 and insulin stimulated
the phosphorylation of the eukaryotic initiation
factors eIF4B on Ser*?? and eIF4E on Ser”” in
liver (Fig. 1B and fig. S1). These proteins are
components of the elF4F complex that mediates
binding of mRNA to the ribosome, and their
phosphorylation promotes the initiation of trans-
lation (/0). Treatment of animals with insulin or
FGF19 produced similar increases in phosphoryla-
tion of Ser”> and Ser**® of ribosomal protein S6
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ern blotting with the indicated

antibodies. Results represent triplicate experiments. (D and E) Overnight serum-
starved HepG2 cells were starved for amino acids in Hank's buffered salt solution
medium for 1 hour. Vehicle, wortmannin (200 nM), rapamycin (20 nM), U0126
(10 M), or BI-D1870 (10 M) was added for a further 1-hour treatment. The cells
were treated with vehicle or 250 ng/ml FGF19 and harvested after 30 min.
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nonspecific band (C).

Proteins were identified by Western blotting with the indicated antibodies. Bl-
D1870 treatment blocks the negative-feedback effect of p9ORSK on ERK, which
results in increased basal phosporylation of ERK and p90RSK. Numbers below
blots represent fold-change relative to the vehicle group. Asterisk (*) marks
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(1pS6) (Fig. 1B and fig. S1). Phosphorylation of
1pS6 improves the efficiency of global protein syn-
thesis by inducing cap-dependent translation (/7).

We investigated the kinases that might me-
diate phosphorylation of elF4 or rpS6 in re-
sponse to FGF19. Ser™® of eIF4E is a target for
the protein kinase Mnk1, which can be activated
by phosphorylation at Thr'®” and Thr*** by ERK
(12). FGF19 induced phosphorylation of Mnk1,
which implicated FGF19 as the upstream stim-
ulus of a Ras-ERK-Mnk1 signaling cascade that
activates elF4E (Fig. 1C). rpS6 and elF4B are
well-known targets of p70 ribosomal S6 kinase
(p70S6K), which is activated by insulin (fig.
S1). However, FGF19 treatment did not induce
the phosphorylation of p70S6K or Akt, which is
known to activate mammalian target of rapamycin
(mTOR) to stimulate p70S6K (Fig. 1, A and C,
and fig. S1). Instead, FGF19 induced the phos-
phorylation of p90 ribosomal S6 kinase (p90RSK),
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which also is known to phosphorylate rpS6 and
elF4B (13, 14).

Because p90RSK is a downstream target of
ERK, our results indicate that FGF19 utilizes a
Ras-ERK-p90RSK pathway to induce phospho-
rylation of rpS6 and elF4B. In human hepato-
carcinoma HepG2 and rat hepatoma HII4E cells
that express FGFR4 and B-Klotho, FGF19 in-
duced the phosphorylation of fibroblast growth
factor substrate 20 (FRS20), ERK, and p90RSK in
a dose-dependent manner (fig. S2A). Likewise,
FGF19 treatment increased the phosphorylation of
1pS6 and elF4B in HepG2 cells (Fig. 1D). How-
ever, this effect was not inhibited by wortmannin, a
potent phosphoinositide 3-kinase (PI3K) inhibitor,
or rapamycin, an mTOR inhibitor, which sug-
gested that FGF19 does not act through the Akt-
mTOR-S6K pathway (Fig. 1D and fig. S2, B and
C). Indeed, FGF19 treatment failed to induce the
phosphorylation of Akt or p70S6K (Fig. 1E and

fig. S2B). In contrast, the ERK pathway inhibitor
U0126 and p90RSK inhibitor BI-D1870 (/5) com-
pletely inhibited FGF19-induced phosphorylation
of ERK and p90RSK (Fig. 1E), and both inhib-
itors blocked basal and FGF19-dependent phos-
phorylation of rpS6 and elF4B (Fig. 1D).

The above findings link FGF19 to stimulation
of protein synthesis in liver. We analyzed pro-
tein synthesis in mouse liver using H,O labeling
(16, 17). When injected into animals, *H,O equil-
ibrates with body water within 90 min, and *H
incorporates into amino acids. To determine the
normal rate of protein synthesis after fasting and re-
feeding, mice were fasted overnight and then refed
or continually fasted for another 6 hours. Refeed-
ing caused a 25% increase in the rate of liver protein
synthesis (Fig. 2A) (/8). In comparison, injection of
FGF19 significantly increased total protein synthe-
sis by 18% (Fig. 2B). The de novo synthesis rate
of albumin, the major protein product of liver,
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Fig. 2. Increased rates of global protein synthesis and albumin synthesis in
mouse liver treated with FGF19. (A) Mice fasted overnight received 0.5 ml
%H,0 intraperitoneally (i.p.); 90 min later, the animals were refed or kept
fasted for 6 hours and killed (n = 10). Protein samples were hydrolyzed, and
2H labeling of alanine was determined by mass spectrometry. (B and €) Mice
fed ad libitum received 0.5 ml ®H,0; 90 min later (at 6 p.m.), vehicle or
1 mg/kg FGF19 was injected subcutaneously. The next morning (8 a.m.),
animals were injected again with the same dose and, 6 hours later, were

killed (n = 10). Protein samples were hydrolyzed, and ?H labeling of alanine
was determined by mass spectrometry. For albumin synthesis, 2H incor-
poration into plasma albumin was measured in the same way. (D) Over a
3-day period, mice (n = 6) received vehicle or 1 mg/kg FGF19 sub-
cutaneously 3 times at 6 p.m. and once on the day they were killed at 8 a.m.
Then, 6 hours after the last injection, the livers were harvested. Plasma
albumin levels were determined with a Vitros 250 instrument. Values are
means + SEM. Statistics by two-tailed ¢ test. *P < 0.05, **P < 0.005.
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(C) Mice fed ad libitum were injected subcutaneously with vehicle or

1 mg/kg FGF19 at 6 p.m. and the next morning at 8 a.m. Then, 6 hours after the
last injection, the animals were killed, and liver weight and glycogen content
were determined (n = 6). (D) Liver glycogen content was determined in wild-
type and Fgf15~"~ mice fed ad libitum (1 = 5). (E) Oral glucose tolerance test in
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Minutes after glucose load

wild-type and Fgf15 ™"~ mice (n = 6). Values are means + SEM. Asterisks (*) refer
to differences between wild-type and Fgf15~"~ groups; number signs (#) refer to
differences between Fgf15 ™ and Fgf15~"~ plus FGF19 groups. Statistics by two-
tailed t test. *P < 0.05, **P < 0.005, #P < 0.05, ##P < 0.005.
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was increased 40% by FGF19 (Fig. 2C). More-
over, continuous treatment with FGF19 signif-
icantly increased plasma albumin levels by 10%
(Fig. 2D). Thus, FGF19 is a positive regulator of
hepatic protein synthesis.

The effects of FGF19 on protein synthesis
prompted us to investigate glycogen synthesis,
another target of insulin action. Glycogen syn-
thesis in liver is negatively regulated by glycogen
synthase kinase (GSK) 3a and GSK3p, which
phosphorylate and inhibit the enzyme glycogen
synthase (GS). Phosphorylation also inactivates
GSK3 kinases, which prevents inhibition of GS
and thus increases glycogen synthesis (/9). In
animals fasted overnight, FGF19 induced phos-
phorylation of both GSK30: (Ser*') and GSK3p
(Ser®), which correlated with decreased phospho-
rylation of Ser®! and Ser®” on GS (Fig. 3A) and
increased GS activity (Fig. 3B). Concomitantly,
there was a 30% increase in liver glycogen content
that led to a small but significant increase in liver
weight in FGF19-treated mice compared with that
of control animals (Fig. 3C). FGF19 treatment had
no effect on liver cholesterol or triglycerides (fig.
S3, A and B), nor did it change plasma insulin or
glucagon concentrations, which strengthens the
idea that it acts directly on liver (fig. S3, C and D).
We also analyzed hepatic glycogen concentration in
mice lacking Figf15 (the mouse ortholog of FGF19).
Fed Fgf15~" mice had >50% less hepatic glyco-
gen than did wild-type animals (Fig. 3D), which
demonstrated the physiologic requirement for
FGF15 in maintaining normal glycogen metab-
olism. Moreover, Fgf15~ mice showed impaired
glucose uptake from the circulation. FGF19 ad-
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Delta glycogen synthesis

ministration completely rescued this phenotype
(Fig. 3E).

Akt and p90RSK phosphorylate the same
residues of GSK3a and B (19-22). To test wheth-
er p90RSK might mediate phosphorylation of
GSK3 kinases for FGF19, we treated HepG2 cells
with FGF19 and either the PI3K or p90RSK in-
hibitor. FGF19-induced phosphorylation of GSK3
kinases in HepG2 cells was compromised when
cells were treated with BI-D1870, but not when
treated with wortmannin (Fig. 4A). These data
further support the idea that FGF19 acts through
an insulin-independent Ras-ERK-p90RSK path-
way to regulate glycogen synthesis.

Streptozotocin (STZ)-treated mice are se-
verely diabetic and have almost no detectable
insulin in the blood (Fig. 4B). STZ treatment
reduced liver glycogen content to 50% of that of
control animals. FGF19 treatment restored hepatic
glycogen amounts and had a significant effect on
glucose disposal (Fig. 4C and fig. S4). Insulin-
independent effects of FGF19 on the rate of net
hepatic glycogen synthesis were also investigated
in rats fasted overnight. A hyperglycemic clamp
was used in combination with somatostatin to in-
hibit endogenous insulin and glucagon secretion.
Under matched conditions of plasma glucose, insu-
lin, and glucagon concentrations (fig. S5), FGF19
increased net hepatic glycogen synthesis by 70%
compared with that in control rats (Fig. 4D).

Taken together, these studies suggest that
FGF19 acts in parallel to and independent from
insulin to govern postprandial metabolism in
liver. Like insulin, pharmacologic administration
of FGF19 can induce protein and glycogen syn-

O
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thesis, whereas loss of the physiologic hormone in
FegfI5” mice results in glucose intolerance and
reduced hepatic glycogen. However, whereas insu-
lin reaches its maximum serum concentration with-
in 1 hour of a meal in humans, peak FGF19 levels
are achieved ~3 hours after a meal (4) just before
glycogen accumulation peaks in the liver (23, 24).
Thus, we propose insulin and FGF19 work in a co-
ordinated temporal fashion to facilitate the proper
postprandial storage of nutrients. Of the anabolic
enterokines (e.g., the incretins, GLP-1 and GIP),
FGF19 is unusual in that it mimics insulin action
rather than stimulating its release.

The different signaling pathways used by
FGF19 and insulin permit overlapping but dis-
tinct biological effects for the two hormones
(Fig. 4E). For example, unlike insulin, FGF19
did not increase hepatic triglycerides (fig. S3B)
or induce sterol regulatory element-binding pro-
tein, isoform 1c (SREBP-1c)-dependent lipogenic
gene expression (fig. S6), which requires the
PI3K-Akt-mTOR signaling pathway (25, 26).
Indeed, FGF19 appears to be unique in its abil-
ity to differentially govern glycogen synthesis
and lipogenesis. FGF15 (or FGF19) is required
to maintain normal glycogen levels in fed mice,
and it uses the alternative Ras-ERK-p90RSK path-
way; taken together, these findings may explain
the puzzling observation that liver-specific loss
of insulin signaling in IRS1-IRS2 null mice does
not fully block glycogen storage in response to
feeding (27, 28). These results may also help
explain the glucose- and insulin-lowering actions
of FGF19 in diabetic rodents (8). Thus, pharma-
cologically targeting the FGF19 pathway might be
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g, 25 % Fig. 4. FGF19-induced glycogen synthesis is independent of insulin.
2 2.0 (A) Overnight serum-starved HepG2 cells were pretreated with vehicle,
S 151 wortmannin (200 nM), or BI-D1870 (10 uM) for 1 hour. The cells were
= lysed 30 min after vehicle or FGF19 (250 ng/ml) treatment. Proteins
“8’,1-0' were identified by Western blotting with the indicated antibodies.
S 054 Numbers below blots represent fold-change relative to the vehicle
> group. (B and C€) Mice were treated i.p. with STZ (175 mg/kg). Eight
£ 0O Vehicle | FGE19 days later, diabetic animals were chosen and treated with vehicle or

1 mg/kg FGF19 i.p. at 6 p.m. for seven consecutive days, and killed 6
hours after the last injection at 8 a.m.(n = 5 to 9). Liver glycogen content and plasma insulin levels were determined. *P < 0.05 is between control and STZ-
vehicle groups; #P < 0.05 is between STZ-vehicle and STZ-FGF19 groups. (D) Three-hour hyperglycemic clamp study was performed on rats fasted overnight (n =
5 to 7). Animals were continuously infused with insulin and somatostatin to maintain low levels of insulin and glucagon and variably infused with glucose to
maintain hyperglycemia. Net glycogen synthesis was determined by assessing the glycogen content in the clamped animals subtracted by the glycogen content
of unclamped animals that were killed after the same duration of fasting. (E) Insulin and FGF19 act through different signaling pathways to coordinate
overlapping but distinct postprandial responses in liver. (B, C, and D) Values are means = SEM. Statistics by two-tailed ¢ test. *P < 0.05, ***P < 0.0005.
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an attractive alternative to using insulin to increase
glycogen storage without affecting lipogenesis.
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Cir4/Suv39 and RNA Quality Control
Factors Cooperate to Trigger RNAI
and Suppress Antisense RNA

Ke Zhang,* Tamas Fischer,™* Rebecca L. Porter,t Jothy Dhakshnamoorthy,* Martin Zofall,*
Ming Zhou,? Timothy Veenstra,? Shiv I. S. Grewalt

Pervasive transcription of eukaryotic genomes generates a plethora of noncoding RNAs. In fission yeast,
the heterochromatin factor Clr4/Suv39 methyltransferase facilitates RNA interference (RNAi)—mediated
processing of centromeric transcripts into small interfering RNAs (siRNAs). Clr4 also mediates
degradation of antisense RNAs at euchromatic loci, but the underlying mechanism has remained elusive.
We show that Clr4 and the RNAI effector RITS (RNA-induced transcriptional silencing) interact with Mlo3,
a protein related to mRNA quality control and export factors. Loss of Clr4 impairs RITS interaction with
Mlo3, which is required for centromeric siRNA production and antisense suppression. Mlo3 also interacts
with the RNA surveillance factor TRAMP, which suppresses antisense RNAs targeted by Clr4 and RNAi. These
findings link Clr4 to RNA quality control machinery and suggest a pathway for processing potentially
deleterious RNAs through the coordinated actions of RNAi and other RNA processing activities.

genomes necessitates elaborate quality con-

trol and surveillance mechanisms, which
monitor RNA biogenesis to detect and destroy ab-
errant RNA (/—4). In Schizosaccharomyces pombe,
methylation of histone H3 lysine 9 (H3K9me) by
Clr4 provides binding sites for chromodomain
proteins, including Chp1 subunit of an Argonaute
(Agol)—containing RNA-induced transcriptional
silencing (RITS) complex required for the pro-
cessing centromeric transcripts to small interfering
RNAs (siRNAs) (5). Loss of Clr4 causes severe
defects in centromeric siRNA production (6).
However, siRNA can be detected in cells where

The widespread transcription of eukaryotic

*Laboratory of Biochemistry and Molecular Biology, National
Cancer Institute (NCI), National Institutes of Health, Bethesda,
MD 20892, USA. Laboratory of Proteomics and Analytical
Analysis, NCI, Frederick, MD 21702, USA.

*Present address: Heidelberg University, Biochemistry Center
(BZH), 69120 Heidelberg, Germany.

tPresent address: Department of Pathology, University of
Rochester, NY 14642, USA.

1To whom correspondence should be addressed. E-mail:
grewals@mail.nih.gov

25 MARCH 2011

H3K9 is mutated to unmethylatable (such as
H3KO9R) residues (7, &), suggesting an additional
role for Clr4. The Clr4 complex (CIrC) interacts
with RITS (6, 8, 9), and in addition to their role at
centromeres, these factors suppress antisense tran-
scripts at euchromatic loci (10, 11).

A yeast two-hybrid screen using full-length
Clr4 as the bait identified Mlo3 (/2) as an in-
teracting protein (table S1). Mlo3 is related to
Saccharomyces cerevisiae Yral and mammalian
Aly/REF (13) and is required for nuclear export
of RNA (/3). Immunoprecipitation analysis de-
tected Mlo3 interacting with Clr4 (Fig. 1A) and
another CIrC subunit, Rik1 (fig. S1). Moreover,
recombinant Mlo3 bound Clr4, and this interac-
tion was mediated by the amino-terminal (amino
acids 1 to 55) and carboxy-terminal (amino acids
134 to 199) regions of Mlo3 (fig. S2), known to
bind mRNA export machinery (/3). Thus, Clr4
associates with Mlo3 in vitro and in vivo.

Given the role of Clr4 in heterochromatin
assembly, we investigated whether Mlo3 affects
heterochromatic silencing (5). Cells lacking Mlo3
maintain H3K9me and its interacting Swi6/HP1

VOL 331

protein at levels comparable to wild-type (WT)
cells at major heterochromatic loci (fig. S3). How-
ever, mlo3A resulted in a considerable increase
in the levels of centromeric repeat transcripts,
although to a lesser extent than in c/r4A (Fig.
1B). The accumulation of repeat transcripts in
mlo3A was not linked to enhanced RNA poly-
merase II (Pol II) transcription. We therefore
explored the possibility that Mlo3 mediates pro-
cessing of repeat RNAs. Because Clr4 interacts
with RNA processing complex RITS (6, 8, 9), we
investigated whether Mlo3 also interact with
RITS. We found that Mlo3 coimmunoprecipi-
tated with Chpl, a subunit of RITS (Fig. 1C).
This interaction was not sensitive to DNase I and
RNase A treatment but was severely compro-
mised upon loss of Clr4 (Fig. 1C), suggesting that
Clr4 connects Mlo3 to RNA interference (RNAi).
Indeed, mlo3A caused severe reduction in the levels
of centromeric siRNAs (Fig. 1D). Thus, in addition
to creating H3K9me binding sites for RITS, Clr4
physically and functionally links RITS to Mlo3 to
mediate processing of centromeric transcripts.
Because histone lysine methyltransferases
can methylate nonhistone proteins (/4—18), we
investigated whether Clr4 methylates Mlo3.
Recombinant Clr4 could methylate the carboxy-
terminal region of Mlo3, but not the amino-
terminal or middle region (Fig. 2A). Within the
carboxy-terminal region, lysines 165 and 167 are
in a sequence context that resembles H3K9. We
mutated these and lysines 179 and 180 to alanine.
A methylation assay using recombinant Mlo3
carrying single- or double-mutant combinations
showed that Clr4 methylates K167 of Mlo3 in
vitro (Fig. 2B). Furthermore, Western blot using
an antibody generated against methylated Mlo3
peptide recognized Mlo3 purified from WT cells,
and the signal was diminished in c/r4A mutant
(fig. S4). To explore the importance of these re-
sults, we generated Schizosaccharomyces pombe
strain in which Lys'®® and Lys'®” residues located
in close proximity were mutated simultaneously
to alanine to generate the m/o3-4 mutant. Mutant
Mlo3 protein was expressed at WT levels (Fig.
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